Biomass for energy production and other bioproducts may be procured from various sources including willow short-rotation coppice (WSRC). Management of WSRCs involves several operations, including harvesting, which accounts for the greatest cost share and, if conducted motor-manually, it can expose the workers to noise, uncomfortable work postures and high cardiovascular loads. In this study, we evaluated the productivity, physical strain, exposure to noise, and postural risk index of workers operating in motor-manual felling of WSRC using a set of automatic dataloggers. Productivity of felling operations was rated at 0.10 ha/h, which is in line with the results reported by other studies. Cardiovascular load was rated at cca. 35% of the HRR, indicating a medium to heavy work experienced by the feller, with a greater contribution of tasks involving movement. Exposure to noise (L EX,8h = 95.19) exceeded the limit value set by the European legislation (87 dBA) and it could increase as a function of the engine utilization rate, which was 68% in this study, advocating for mandatory wearing of protective equipment. Postural risk index was evaluated at 191.11% for the worker handling the brush cutter and at 192.02% for the manual assistant indicating rather reduced risks, but also the need to evaluate how the dynamic work of the upper limbs would affect the workers' health. While this work stands for a preliminary case study, the procedures described may be successfully used to easily collect long-term data in such operations.
Introduction
Biomass for energy production can be procured from various sources including forests, wood processing residues, common agriculture and dedicated tree plantations established on agricultural or marginal lands. Among the dedicated tree plantations, willow short rotation coppice (WSRC) has been intensively tested and used in many European countries because it can provide investment returns on short time (Vanbeveren et al. 2018) and it may help secure the income of farmers (Pecenka et al. 2014 ). Improvement of operational management, especially of harvesting operations, can contribute to the success of WSRC since the fully-mechanized harvesting alone accounts for one third to one half of the WSRC production costs (Buchholz and Volk 2011, El Kasmioui and Ceulemans 2013) and for one third of total energy inputs (Eisenbies et al. 2014) . Meanwhile, motor-manual harvesting of WSRC still represents an affordable option among small scale farmers (Talagai et al. 2017) , who lack the ability to purchase expensive purpose-built equipment (Spinelli et al. 2012) and often decide to carry on their harvests manually 378 Croat. j. for. eng. 40(2019)2 (Schweier and Becker 2012) . While it can return highdelivery costs compared to the dedicated equipment (Vanbeveren et al. 2015) , in many cases motor-manual harvesting of WSRC is the solely available option, which in developing countries is also sustained by lower labor costs.
Nevertheless, the sustainability of WSRC motormanual harvesting operations should also consider the compatibility of equipment and operational conditions to the workers undertaking such tasks , Talagai et al. 2017 . To this end, motor-manual felling of WSRCs can be carried out using either a chainsaw (Burger 2010, Schweier and Becker 2012) or a brush cutter , Guidi et al. 2013 , Talagai et al. 2017 . While the technical capability of brush cutters is generally aligned to the operational environment as being characteristic to WSRCs, where the diameter and height of the stems are small (Talagai et al. 2017 ), research carried out in traditional forestry has shown that their operation requires intensive physical work (Toupin et al. 2007 ). However, the effort undertaken by workers carrying on operations in traditional forestry is often affected by the slope, which could be the greatest contributor to the physical strain (Magagnotti and Spinelli 2012) , a fact that is not specific to WSRCs, which are typically established on relatively flat lands. In addition, the operation of tools, such as chainsaws or brush cutters, may expose their operators to risks of musculoskeletal disorders, which depend to a great extent on the operational environment and tasks to be undertaken. In forest operations, for instance, both manual and motor-manual tasks are often characterized by awkward work postures (Corella Justavinio et at. 2015) , which increase the risk of musculoskeletal disorders (Calvo 2009 , Zanuttini et al. 2005 . Furthermore, tools equipped with two-stroke engines, such as those commonly used in motor-manual operations, expose the workers to other harmful factors such as noise (Taoda et al. 1987) , which can result in hearing loss (Fonseca et al. 2015, Tunay and Melemez 2008) . Therefore, in order to be sustainable, motor-manual harvesting of WSRCs should also be compatible with workers. While the economic and productive performances of WSRC harvesting operations have been extensively researched, including those using motor-manual equipment, the ergonomics of motor-manual harvesting operations of WSRCs have been less studied.
The aim of this study was to examine the physical strain, exposure to noise and the risk of musculoskeletal disorders experienced in motor-manual felling operations of WSRCs. Study objectives were set to: Þ evaluating the time consumption and productive performance of motor-manual felling operations implemented in WSRCs as a prerequisite to describe the performed work tasks Þ evaluating the physical strain of fellers by measurements of heart rate Þ evaluating the exposure to noise of fellers using small dataloggers Þ evaluating the postural risk index in motormanual felling operations of WSRCs using the OWAS method.
Materials and Methods

Study Location, Work Organization and Data Collection Procedures
This study was carried out on 11 th March 2017, in a willow short rotation coppice (WSRC) located at 46°04'22" N -E 26°10'56" E, 600 m above sea level on a flat land ( Fig. 1) near Poian village, Covasna County, Romania. The owner of the WSRC is currently using this plantation to procure regeneration material (cuttings), therefore the WSRC was harvested on smaller plots, typically each two years. All the WSRCs from the area are established using a high-density plantation scheme (0.75 m between rows and 1.50 m between twin rows) resulting in a plant density of cca. 14 000 individuals per hectare (Scriba et al. 2012 ).
In the Romanian WSRC harvesting practice, smallsized stems are usually harvested in several stages (Talagai and Borz 2016) , the first one consisting of motor-manual felling. Depending on the plot size, the WSRCs owners may use one or two teams to fell the stems. When using two teams, a safety distance is kept between them (Talagai and Borz 2016) .
During the study, a smaller plot having an area of 0.65 ha ( Fig. 1 ) was harvested by a single team consisting . In this kind of configuration (Talagai et al. 2017 work organization is relatively simple consisting of a work cycle that may be divided into work events such as the advancement on a single row to fell the stems, exits from the felled rows and movements to enter new rows that are usually located at the opposite side of the plot. Nevertheless, previous studies have shown that, in some cases, work teams may operate on smaller patches (Talagai et al. 2017) and that different kinds of delays may occur both in the plot and at the headlands . Since the practical experience on willow cultivation is in its infantile stage in Romania (Scriba et al. 2012) , the work team to be studied was chosen from a limited pool of workers, based on their proven experience in such operations.
In this study, the motor-manual worker felled the stems using a Husqvarna 545 RX brush cutter (Husqvarna AB, Stockholm, Sweden) equipped with a steel saw blade, while the manual assistant used a wooden stick to laterally direct the harvested stems ( Fig. 2) . Before the study, verbal consent of the workers was obtained during discussions with them and the WSRC's owner. The scope of the study as well as the kind of data to be collected and its intended use was explained to all the participants. Then the workers were instructed to carry on their jobs as usual.
Five devices were used to collect the data needed to evaluate the ergonomics specific to motor-manual felling of WSRC (Fig. 2) . To be able to distinguish between different work events and to separate them from the total study time, an Extech ® VB 300 motion detection datalogger (Extech Instruments, FLIR Commercial Systems Inc., Nashua, USA) was placed on the brush cutter engine so as to avoid obstructing the usual way of working ( Fig. 2 ). Such instruments are characterized by a small size and a low weight (20 g) and are designed to collect accurate (±0.5 g) three-axis acceleration data in the range of ±18 g. They are suitable for monitoring motor-manual operations , while their sampling rates can be easily manipulated to collect data at less than one second. Exposure to noise was monitored using an Extech ® 407760 sound dosimeter datalogger, which was placed near the right ear of the feller (Fig. 2) , at a standardized distance of 10 cm (Poje et al. 2015) . To ensure this distance, the device was fixed on the feller's helmet using adhesive tape. While it does not hold the capabilities of a fully professional science-developed dosimeter such as those described, for instance, by Poje et al. (2015) and Poje et al. (2016) , respectively, it can collect accurate data on a preset scale (either dB(A) or dB(C)) that can be used in the estimation of most of the ergonomic-assessment noise-related parameters. Similar to the motion detection datalogger, it is characterized by reduced size and weight (20 g), and simple procedures for setup, data collection and analysis. A Garmin ® 62 STC GPS unit (Garmin Ltd., Olathe, USA) was used to collect movement and location data needed to estimate time consumption and to compute part of the performance metrics ( Fig. 2) . Such consumer-grade devices are able to accurately document the movement and location, which makes them suitable for data collection in motor-manual operations (Talagai et al. 2017, Talagai and Borz 2016) . A Polar ® V800 (Polar, Finland) device was used to monitor the heart rate of the motormanual feller. It consists of a pericardial strap, which incorporates a sensor able to collect and transmit data via Bluetooth ® technology to a smart watch placed on the hand of a person. Such data can be transferred to an online data repository using the FlowSync application developed by Polar ® , from where it can be exported in several digital formats including MS Excel CSV files.
The choice of dataloggers used in this study was mainly based on the size criterion. To this end, size was considered to be important as the study aimed to simultaneously collect data for all the parameters without burdening the workers with the need to carry substantial weight. Such an approach also helped to avoid interference in carrying out the usual work, which is known to affect study results (Acuna et al. 2012 ). All of the used devices were setup to collect data at one second intervals. Motion detection, sound dosimeter and heart rate dataloggers were setup using their corresponding purpose-built software, while the setup of the GPS receiver was made using its interface.
Fig. 2 Work organization and placement of dataloggers
Once all the setups were made, at the beginning of the work day, dataloggers were placed on the feller and they were started simultaneously. When the operations were completed, they were switched off.
During the work day, parts of the operations were randomly sampled and videotaped using a digital camera. A field researcher successively moved forward and videotaped the operations as the work progressed. The resulting files were used for postural assessment, which was implemented for both workers. Using the procedures described above, the operations were observed for a work day in which the team managed to fell all the stems from the designated plot.
Data Processing and Analysis
All of the devices used in this study are capable to export the data as MS Excel files and to label the collected variables with the date and time of collection, features that were used to pair the field data based on such characteristics. For the GPS and acceleration data, the procedures used in this study to process the data were similar to those reported by Borz et al. (2018) . They consisted of setting acceleration (A, g) and movement speed (S, km/h) thresholds to distinguish between different kinds of work tasks. To manage the data, this study assumed two primitive events that could be recognized using the speed data derived from the GPS collected files: stopped or felling (S≤2 km/h) and waking without actually felling (S>2 km/h). The state of the brush cutter engine was evaluated based on the behavior of acceleration data resulting in two primitive events: engine off (A≤4 g) and engine on (A>4 g). Following the threshold setting, the GPS and acceleration data were used to derive four final work events: stopped, felling, walking with engine off and walking with engine on. Based on the classification of work events, data characterizing time consumption (s) and physical strain (heart rate, bpm), was attributed, after downloading it from the collectors, to each work event. Then it was used to map the results using QGis software and to analyze it according to the proper procedures.
Time consumption data helped to compute the productive performance of motor-manual felling operations based on the size of operated area and time inputs, as well as to evaluate the time spent on different work tasks. Physical strain of the motor-manual feller was evaluated based on the general approaches used to compute the heart rate reserve (%HRR). To this end, calculations were made on work events and on the work day using Eq. 1 (Vitalis 1987 
Where:
%HRR i heart rate reserve of the event i or of the work day HRw i working heart rate of the event i or of the work day, calculated as the average number of beats per minute of the event i or of the work day, bpm HRmax maximum heart rate calculated using the classical formula: 220 -worker age (42 years in this study) as described by Rodahl (1989) HRr resting heart rate calculated as the minimum of a 10 minute rest period prior to starting the work or the minimum value of the HR recorded during the study.
Data characterizing the exposure to noise was downloaded from the datalogger using the dedicated software and it was saved as a MS Excel spreadsheet.
Since the exposure to noise is affected by the engine state, the data was analyzed according to the European legislation (European directive 2003/10/EC) and international standards ISO 9612:2009 and ISO 11201:2010 by taking into consideration only the two states of the engine: off and running. The A-weighted equivalent continuous sound pressure level in dBA (LA) as well as the A-weighted noise exposure level, normalized to a nominal 8-h working day (L EX , 8h ), were computed for the tasks carried out by the feller. Data characterizing time consumption, acceleration, physical strain and exposure to noise covered about 6.2 hours.
Video data was used to extract the frames to be used in the postural assessment. To this end, each video file was broken into frames at one second sampling rate resulting into a total number of 6053 frames. The Ovako Working posture Analysis System (OWAS), as described by Karhu et al. (1977) , was used to evaluate the postural risk index (PRI) using a procedure similar to that described by Calvo (2009), Spinelli et al. (2016) and Zanuttini et al. (2005) . The choice of the OWAS system was made due to its capability to cover the whole body, simplicity of use, reliability and comparability of results (Spinelli et al. 2016) . The frames that could not be used to evaluate the posture of each body segment were excluded. Each of the remaining frames was analyzed twice and classified in order to compute the Action Category (AC) score that was further used to derive the postural risk index (PRI) for both workers under study based on a detailed analysis of each body segment. Based on the postural data analysis, the data was comparatively plotted and described to enable the comparison between the workers in terms of shares in action categories and in terms of shares of body segment postures in action codes.
Results and Discussion
Time Consumption and Productive Performance
The results characterizing the productivity were in line with the general productive performance of motor-manual harvesting operations of WSRC reported by several studies. The area under study (S, ha) was of 0.35 hectares and it was harvested in about 6.2 hours, meaning that the gross production rate was of approx. 0.07 ha/h. Although the results of this study should be interpreted as preliminary, they were comparable with the results reported by Borz et al. (2018) and Talagai et al. (2017) for similar harvesting systems and with those reported for motor-manual harvesting of WSRCs, in general Becker 2012, Vanbeveren et al. 2015) . Engine working time (Fig. 3) accounted for a share of 68.13%, but only 61.72% of the total time was evaluated as effective cutting time (Fig.  4) . This result was similar to that reported by . The rest was evaluated as walking with engine on. Various kinds of delays accounted for more than 17%.
Ergonomics of Motor-manual Felling
Heart Rate
The minimum heart rate (71 bpm) was recorded during the effective working time and not during the time in which the worker was asked to sit in a comfortable position for such determinations. Therefore this value was used in further calculations as the heart rate at rest (HRr). Fig. 5 shows a partition of the field Fig. 3 Engine working time collected data plotted against the cumulate time and the work events identified during the study. As shown, the time in which the worker was identified as not moving can also be identified in the heart rate behavior. During the events in which the felling team was stopped (Table 1) , the physical strain in terms of %HRR was evaluated at almost 30% for the feller, while in the events in which the work tasks involved movement, the %HRR was in the range of 35.50-37.40%. Nevertheless, there were situations (Fig. 6 ) in which the heart rate reserve exceeded well the permissible value (in some cases more than 80%). Such events accounted for almost 23% of the total study time. Compared to the effort undertaken by brush cutters in traditional forestry operations (Toupin et al. 2007) , cardiovascular load in this study was significantly lower (34.90%) indicating lower physical effort in motor-manual felling of WSRC when using similar equipment. Nevertheless, it exceeded the threshold of 24.5% proposed by Wu and Wang (2002) as an acceptable level for an 8-h work day but it was less than the 40% -a permissible value as described by Potočnik and Poje (2017) .
In addition, motor-manual felling using brush cutters involves a significant use of dynamic work of the upper limbs. According to Velásquez et al. (2015) , the maximum acceptable working time is even smaller when dynamic work is carried out using the upper limbs. However, compared to traditional forest operations, the results reported herein indicate significantly smaller cardiovascular loads of the motor-manual feller. For instance, cardiovascular loads of regular harvesting operations using chainsaws may exceed the permitted value of 40% (Cheţa et al. 2018, Potočnik and Poje 2017) , while in the cable work heart rate reserve seems to vary in a wide range (Kirk and Sullman 2001 , Ottaviani et al. 2011 , Magagnotti and Spinelli 2012 , Stampfer et al. 2010 . Nevertheless, the approach of combining heart rate with GPS collected data may be of help in understanding the factors that contribute to the physical effort as well as their location of occurrence, as shown for instance in Fig 6. Table 2 shows the descriptive statistics of the time spent with engine off and on, respectively. As shown, the engine was running for more than 68% of the study time. Both, the A-weighted equivalent continuous sound pressure level (LA) and the A-weighted noise exposure level normalized to a nominal 8-h working day (L EX , 8h ) exceeded the exposure limit value (87 dBA) prescribed by the European legislation. In such circumstances, the use of protective equipment is mandatory.
Exposure to Noise
Fig. 6 A map of heart rate reserve
It is important to mention here that the observation time in this study was less than 8 hours, and the engine utilization rate was 68%. Therefore, the results reported herein are purely descriptive and further studies should clarify how the redistribution of working time would affect the exposure to noise, as a higher utilization rate of the engine could increase the noise level (Poje et al. 2015) . In any case, wearing hearing protectors would reduce the exposure to noise to an acceptable level. For instance, ear plugs can provide a sound attenuation of between 15 dBA for low frequency sounds and 35 dBA for higher frequencies (Helander 2006) . At the same time, modern helmets can provide a sound attenuation of 26 dBA. While the exposure to noise was only tested for the motor-manual feller, protective equipment would also be required for the manual assistant given the short distance from his ear to the noise source.
Postural Assessment
Frame refinement resulted in 5825 and 5779 valid frames that were analyzed for the manual assistant and motor-manual feller, respectively. The valid frames covered about 1.62 and 1.61 hours of study for the manual assistant and motor-manual feller, respectively, accounting for more than 25% of the total study time. Table 3 shows a breakdown of the back, arms, legs and force exertion codes attributed to two workers in the postural analysis. As shown, in motor-manual felling of WSRCs, when using brush cutters, the main differences were those specific to the back posture, which was assessed as being less comfortable for the manual assistant who was identified more frequently with his back bent and twisted or bent forward and sideways (to the right in this study) -almost 90% of the sampled time. Obviously, this was a consequence of the organizational layout of the operations in which the location of the assistant was recorded predominantly to the left-backwards of the motor-manual feller. Compared to the manual assistant, the motormanual feller was found with such awkward postures of the back only in 21% of the sampled time. In his case, the predominant posture of the back was that specific to the second category -bent forward -which accounted for a share of almost 70% of the sampled time. In both cases, the posture of arms was assessed as being comfortable (almost 100% of the evaluated postures in the first category -both arms located below the shoulder level), while the legs were identified as walking or moving most of the sampled time (almost 100% for both cases).
In these conditions, more than 90% of the body postures of both workers were classified as action category 2 (AC2), as shown in Fig. 7 . Consequently, the postural risk indexes (PRIs) were rather similar: 191.11 in the case of motor-manual feller and 192.02 in the case of manual assistant. According to the OWAS system, such results advocate for corrective measures to be taken in the near future. However, one should take into account that the studied workers were hired on a daily basis, which means that they also perform other agricultural jobs during the year, while willow harvesting takes place only in short, late-winter/earlyspring periods. Therefore, the postural indexes calculated in this study only cover WSRC felling activities that are much smaller compared, for instance, to similar motor-manual operations such as those of regular forestry work (Calvo 2009 , Zanuttini et al. 2005 . Nevertheless, studies on other kinds of wood procurement activities such as wood splitting and wood debarking have reported smaller postural risk indexes compared to those reported in this study , Spinelli et al. 2016 .
On the other hand, the greatest concerns of using brush cutters are those related to the safety of workers within the operation zone. Equipment manufacturers recommend a safety distance of at least 15 m for other persons working in the area when using brush cutters, but even maintaining a safety distance of 15 m cannot exclude the potential danger. That is why the coworkers located in the danger area should wear eye protection equipment. Given the risks of exposure to noise, professional helmets providing eye and ear protection should be worn in motor-manual felling of WSRCs.
Conclusions
This study aimed to evaluate some of the ergonomic conditions in motor-manual felling of WSRCs. Since the ergonomic studies usually also describe the work tasks, in this study we used an automated procedure to collect data on time consumption, productivity, physical strain and exposure to noise, which were complemented by an assessment of postural risk index observed in a traditional fashion. Given its limited temporal extent, this study should be interpreted as a preliminary integrative attempt to evaluate the ergonomic conditions of WSRCs motor-manual felling operations. As such, a validation of these preliminary results should be undertaken by conducting similar studies on longer terms, attempts that may benefit from using procedures of data collection as those described herein, which enable the possibility to account for operational variability, exclude the researcher interference in carrying out the usual work, and have a lot of potential in reducing the costs caused by the study implementation. Probably the biggest benefit of these procedures is that they enable a cheap integrated data collection, which is very often difficult to implement. They are also easy to use and do not contribute by supplementary burdens in terms of weight to be carried by the observed workers. For instance, combining acceleration with GPS data allows for an accurate separation of work tasks, while combining the heart rate with GPS data may allow for identification of factors that contribute to the physical strain as well as their location of occurrence.
The results of this study point out that the time consumption and productivity of motor-manual felling of WSRCs were comparable to other field tests, with small variations that were caused by the operational layout in this study. While not exceeding, in average, the permitted value of the cardiovascular load, motor-manual felling of WSRC tends to be a moderate to heavy work, with some cases in which the heart rate reserve exceeded 40% (23% of the study time). Also, there were some short events in which it exceeded even 80%. Among the greatest concerns in this kind of operations are the exposure to noise and work safety because the permitted values of noise exposure were exceeded in this field test. This situation, as well as safety reasons, advocate for the use of professional protective equipment able to provide ear and eye safety. While not being exposed to great postural risks, the workers operating in motor-manual felling of WSRCs make a substantial use of dynamic work with the upper limbs. Therefore, further studies should also evaluate how this kind of work may affect the health of operators.
